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PART ELEVEN 

SEISMIC DETECTION/LOCATION INSTRUMENTATION 

A r t h u r  D .  L i t t l e ,  I n c .  

I. INTRODUCTION 

The i n s t r u m e n t a t i o n  s p e c i f i c a t i o n  i n  t h e  N a t i o n a l  Academy of Eng ineer ing  

(NAE) r e p o r t  of March, 1970,  s e t  f o r t h  some r a t h e r  g e n e r a l  g u i d e l i n e s  t h a t  t h e  

s e i s m i c  s u r f a c e  sys tem shou ld  f o l l o w .  The f a c t  t h a t  t h e r e  was no comparable 

equipment i n  e x i s t e n c e  a t  t h a t  time, and t h e  need t o  produce a  sys tem from 

p r e s e n t l y  a v a i l a b l e  equipment ,  was s p e l l e d  o u t  i n  t h a t  document. 

The f e a t u r e s  t h a t  t h e  sys tem shou ld  i n c l u d e  were  l i s t e d ,  and i n c l u d e d :  

Quick and s i m p l e  deployment 

P o r t a b i l i t y  

Battery-powered o p e r a t i o n  

Al l -weather  o p e r a t i o n  

Computat ional  s i m p l i c i t y  and speed 

High r e l i a b i l i t y  and l o n g  s h e l f - l i f e  

Dual s e r v i c e  f o r  l o c a t i o n  and communication 

A d a p t a b i l i t y  t o  w i d e l y  v a r y i n g  seismic v e l o c i t i e s ,  

topography,  and g e o l o g i c  s t r u c t u r e s  

Minimum main tenance  

C a p a b i l i t y  of c o n t i n u o u s  o p e r a t i o n  f o r  ex tended  

p e r i o d s ,  and 

Reasonable  c o s t  

S i n c e  t h a t  r e p o r t ,  t h e r e  h a s  been a  s u b s t a n t i a l  amount of f i e l d  work 

a d d r e s s i n g  t h e  t r a p p e d  miner  d e t e c t i o n  and l o c a t i o n  problem c a r r i e d  o u t  by 

Westinghouse C o r p o r a t i o n  under  c o n t r a c t  w i t h  t h e  Bureau of Mines. Two complete  

s u r f a c e  sys tems  have been d e s i g n e d ,  b u i l t ,  and f i e l d  t e s t e d  and s u b s t a n t i a l  

documentat ion h a s  been produced on t h e  mine environment and background n o i s e  

using t h e s e  sys tems .  These  s y s t e m s ,  b u i l t  from o f f - t h e - s h e l f  equipment ,  have 

been  d e s i g n e d  w i t h  maximum f l e x i b i l i t y  i n  mind i n  o r d e r  t o  e x p l o r e  what con- 

f i g u r a t i o n  a  f i e l d  u n i t  shou ld  have .  
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T h i s  B a r t  r e v i e w s  t h e  West inghouse  s u r f a c e  sys t em,  r ev iews  t h e  

g e n e r a l  sys t em s p e c i f i c a t i o n s  i n  l i g h t  of p r e s e n t  e x p e r i e n c e ,  and d e s c r i b e s  

i n  some d e t a i l  a  recommended sys t em c o n f i g u r a t i o n  t h a t  a t t e m p t s  t o  meet  a l l  

t h e  r e q u i r e m e n t s  o f  a  t r u l y  f i e l d a b l e  sys t em.  

11. WESTINGHOUSE SURFACE SYSTEM 

-I- Two comple te  s u r f a c e  sys t ems  were  b u i l t  by West inghouse  on  c o n t r a c t  w i t h  

t h e  Bureau of Mines.  S i n c e  t h e  f a b r i c a t i o n  of t h e s e  s y s t e m s ,  a  s u b s t a n t i a l  

amount o f  f i e l d  e x p e r i e n c e  h a s  been ga ined  w i t h  t h e s e  u n i t s  i n  a c t u a l  t e s t  

measurements a t  a  number of working mines  i n  t h e  Un i t ed  S t a t e s .  Improvements 

and m o d i f i c a t i o n s  have  b e e n  made t o  t h e  o r i g i n a l  sys t em a s  f i e l d  e x p e r i e n c e  

h a s  d i c t a t e d .  

The p r e s e n t  sys t em i s  housed i n  a  p o r t a b l e  van  t h a t  can  b e  t r a n s p o r t e d  

e i t h e r  by a  companion 4 x  4 t r u c k  t o  which i t  is  normal ly  a t t a c h e d  o r  v i a  p l a n e  

( e . g . ,  a  C-47). The i n s t r u m e n t a t i o n  i s  s e l f - c o n t a i n e d  e x c e p t  f o r  p r imary  power 

and t e l e p h o n e  s e r v i c e .  Geophones and c a b l e s  f o r  t h e  a r r a y  a r e  s t o r e d  i n s i d e  

compartments f o r  e a s y  a c c e s s i b i l i t y .  The power s i g n a l  and t e l e p h o n e  c o n n e c t i o n s  

t o  t h e  van  a r e  made v i a  c l e a r l y  marked t e r m i n a l  jacks. For f i e l d  deployment ,  

t h e  s y s t e m  comes w i t h  a second t r u c k  t o  t r a n s p o r t  a p o r t a b l e  6" d r i l l ,  s p a r e  f u e l ,  

and a p r imary  power g e n e r a t o r .  

The van f l o o r  p l a n  showing s t o r a g e  room and equipment l a y o u t  is  shown i n  

F i g u r e  1.* The i n s t r u m e n t a t i o n  and computer  sys t em a r e  c e n t r a l l y  p l a c e d  t o  b a l a n c e  

t h e  v a n  f o r  e a s e  o f  l o a d i n g  and t r a n s p o r t .  F i g u r e  2 shows t h e  p r e s e n t  equipment  

l a y o u t  and j a c k f i e l d  l o c a t i o n .  The u s e  of m u l t i p l e  j a c k f i e l d s ,  a l l o w s  f o r  maximum 

p a t c h i n g  f l e x i b i l i t y  b u t  d o e s  r e q u i r e  t h e  o p e r a t o r  t o  b e  c a r e f u l  i n  s e t t i n g  up 

t h e  p a t c h i n g  a r rangement .  The u s e  of commercial  equipments  th roughou t  t e n d s  t o  

p r o v i d e  more g a i n  c o n t r o l s  t h a n  may b e  r e q u i r e d  on  a  f i e l d  sys t em.  

A b l o c k  d iag ram of  t h e  comple te  s y s t e m  i s  shown i n  F i g u r e  3 .  The s y s t e m  

c a n  b e  s u b d i v i d e d  i n t o  f o u r  subsys tems :  

1. S e i s m i c  d e t e c t i o n ;  

2 .  S i g n a l  c o n d i t i o n i n g ;  

3 .  S i g n a l  p r o c e s s i n g ;  and 

4 .  L o c a t i o n  p r o c e s s i n g .  

C o n t r a c t  H0101262 w i t h  Bureau of  Mines.  

* R e f e r e n c e s  t o  F i g u r e s ,  T a b l e s ,  and Equa t ions  a p p l y  t o  t h o s e  i n  t h i s  P a r t  
u n l e s s  o t h e r w i s e  n o t e d .  
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A .  Seismic  D e t e c t i o n  Subsystem 

The s e i s m i c  d e t e c t i o n  subsystem c o n s i s t s  of t h e  a r r a y  geophones,  a s s o c i -  

a t e d  c a b l i n g ,  and a r r a y  p r e a m p l i f i e r s .  The p r e s e n t  a r r a y  c o n f i g u r a t i o n  i s  

seven  a r r a y  e lements  each w i t h  seven geophones connected i n  p a r a l l e l ,  t h e n  connected 

t o  a  p r e a m p l i f i e r .  Each p r e a m p l i f i e r  h a s  a f i x e d  g a i n  of 69db. The o u t p u t  of 

each preamp is  a n  unbalanced t o  balanced t r a n s f o r m e r  f e e d i n g  t h e  s i g n a l  c a b l e  Lo  a 

connec tor  on t h e  van. The ba lanced  c a b l e  sys tem i s  i n t e n d e d  t o  minimize n o i s e  

pickup i n  t h e  sys tem due t o  e x t e r n a l  n o i s e  f i e l d s .  

B. S i g n a l  Condi t ion ing  Subsystem 

The i n p u t  of t h e  s i g n a l  c o n d i t i o n i n g  subsystem i s  a ba lanced  t o  unbalanced 

t r a n s f o r m e r  matching t h e  a r r a y  c a b l e  t o  t h e  i n p u t  h i g h  g a i n  a m p l i f i e r s .  P r e s e n t  

a m p l i f i e r s  are ITHACO models w i t h  a11 a d j u s t a b l e  g a i n  range  o f  -10 t o  +90db. 

Nominal g a i n  s e t t i n g s  f o r  t h i s  a m p l i f i e r  i s  i n  t h e  1 0  t o  50db range  producing 

a s i g n a l  o u t p u t  of approx imate ly  0.5 v o l t s  peak-to-peak (p-p). 

I n  normal f i e l d  o p e r a t i o n s  t h i s  s i g n a l  i s  recorded  on a seven  t r a c k  

Honeywell 5600 t a p e  r e c o r d e r  a n d / o r  can  b e  d i s p l a y e d  i n  r e a l - t i m e  on a seven 

t r a c k  V i s i c o r d e r .  

C. S i g n a l  P r o c e s s i n g  Subsystem 

The s i g n a l  p r o c e s s i n g  subsystem is  des igned  t o  p l a y  o u t  s t o r e d  d a t a  f o r  

v i s u a l  d i s p l a y  a n d / o r  p r o c e s s i n g .  P r o c e s s i n g  o f  t h e  d a t a  can  b e  achieved by 

e i t h e r  v a r y i n g  t h e  f i l t e r  bandwidth w i t h  t h e  Krohn-Hite f i l t e r  bank, o r  by 

p r o c e s s i n g  t h e  s i g n a l  i n  t h e  CSPI d a t a  p r o c e s s i n g  system f o r  g a i n  enhancement. 

The CSPI sys tem u s i n g  t h e  Var ian  Data  620 i computer can perform f a s t  F o u r i e r  

t r a n s f o r m s  on incoming s i g n a l s  o r  n o i s e ,  and p l a y  o u t  power d e n s i t y  s p e c t r a  

on t h e  x-y p l o t t e r .  On r e p e t i t i v e  s e i s m i c  s i g n a l s ,  t h e  computer is  programmed 

t o  do s i g n a l  s t a c k i n g  g i v i n g  a g a i n  enhancement and s i g n a l - t o - n o i s e  improvement 

over  background n o i s e .  I n  t h e  s i g n a l  s t a c k i n g  mode t h e  o s c i l l o s c o p e  t r i g g e r  

c i r c u i t  i s  used t o  d e t e c t  t h e  s i g n a l  a r r i v a l  on one channe l  and t r i g g e r  t h e  

sampl ing g a t e  of t h e  computer f o r  t h e  o t h e r  channe l s .  Two channe l s  a t  a t i m e  

a r e  t r e a t e d  i n  t h i s  way. Each channe l  can b e  d i s p l a y e d  on t h e  x-y r e c o r d e r  f o r  

comparat ive  a n a l y s i s  of f i r s t  a r r i v a l  t imes .  

D.  Loca t ion  P r o c e s s i n g  Subsystem 

The p r e s e n t  l o c a t i o n  p r o c e s s i n g  subsystem a s  shown i n  F i g u r e  3 i s  n o t  l o c a t e d  

o n - s i t e  w i t h  t h e  o t h e r  system. The crew c h i e f  now u s e s  t h e  t e l e p h o n e  t o  send 
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f i r s t  a r r i v a l  t i m e  d a t a ,  e s t i m a t e d  o n - s i t e  by v iewing  a l l  seven  c h a n n e l s  on 

t h e  p l a y  o u t  of  t h e  x-y r e c o r d e r  o r  t h e  V i s i c o r d e r .  A r e s i d e n t  l o c a t i o n  pro-  

gram c a l l e d  MINER i s  used i n  a  remote  t ime-share  computer t o  compute t h e  e s t i m a t e d  

s i g n a l  s o u r c e  l o c a t i o n  b a s e d  on a r r a y  a r r i v a l  t ime  d a t a .  

111. SYSTEM MODIFICATION 

The Westinghouse sys tem d e s c r i b e d  above h a s  p rov ided  a  s u b s t a n t i a l  i n s i g h t  

i n t o  t h e  sys tem and f i e l d a b i l i t y  problems t h a t  a r e  encoun te red  i n  d e p l o y i n g  such 

a  u n i t  and making p r a c t i c a l  f i e l d  measurements.  Some major m o d i f i c a t i o n s  were  

i n c o r p o r a t e d  i n t o  t h e  Westinghouse sys tem a s  d e f i c i e n c i e s  i n  sys tem performance 

were  i d e n t i f i e d .  The p r e a m p l i f i e r s  and t h e  h i g h  g a i n  a m p l i f i e r s  were  r e p l a c e d  

a l o n g  w i t h  t h e  t a p e  r e c o r d e r .  

P r e s e n t  m o d i f i c a t i o n s  now i n  p r o c e s s  c a l l  f o r  a n  i n c r e a s e  i n  memory c a p a c i t y  

of  t h e  CSPI p r o c e s s i n g  sys tem.  The p r e s e n t  c a p a c i t y  of 8 ,000  1 6 - b i t  b i n a r y  words 

w i l l  b e  expanded t o  20,000.  T h i s  w i l l  r educe  s i g n a l  p r o c e s s i n g  Y i m e  s u b s t a n t i a l l y  

and r e d u c e  c o r r e c t i v e  main tenance  t i m e .  The number of i n p u t  c h a n n e l s  t o  t h e  com- 

p u t e r  w i l l  b e  i n c r e a s e d  from two t o  e i g h t  t o  r e d u c e  t h e  a n a l y s i s  t i m e .  

I n  t h e  s i g n a l  d e t e c t i o n  subsystem,  c u r r e n t  p l a n s  c a l l  f o r  a  change i n  t h e  

p r e s e n t  p a r a l l e l  geophone arrangement  t o  a  s e r i e s  c o n n e c t i o n  and a  new t r a n s f o r m e r  

i n  t h e  preamp t o  match t h e  new geophone c o n n e c t i o n .  T h i s  w i l l  improve t h e  

s e n s i t i v i t y  of  t h e  s u b a r r a y .  

A h i g h  speed paper  t a p e  r e a d e r  w i l l  b e  used w i t h  t h e  computer expanded memory 

t o  i n c r e a s e  t h e  o p e r a t i n g  e f f i c i e n c y .  A d d i t i o n a l  a m p l i f i e r s  and f i l t e r s  w i l l  b e  

added t o  i n t e r f a c e  t h e  t a p e  r e c o r d e r  t o  t h e  computer.  

I n  summation, t h e  above m o d i f i c a t i o n s  a r e  des igned  t o  expand p r o c e s s i n g  

c a p a c i t y ,  r e d u c e  p r o c e s s i n g  t i m e ,  and improve sys tem s e n s i t i v i t y .  

I V .  SYSTEM SPECIFICATIONS 

The s p e c i f i c a t i o n s  l i s t e d  above i n  S e c t i o n  1, a s  s p e l l e d  o u t  i n  t h e  NAE r e p o r t ,  

a r e  s t i l l  a  v a l i d  set  of s p e c i f i c a t i o n s .  However, i n  v iew of t h e  e x p e r i e n c e  

g a i n e d  i n  t h e  i n t e r i m  p e r i o d ,  a  more d e t a i l e d  set  c a n  now b e  made c o v e r i n g  t h e  

s e i s m i c  s u r f a c e  i n s t r u m e n t a t i o n .  

Quick and s i m p l e  deployment can b e  s p e c i f i e d  i n  r e l a t i o n  t o  deployment by 

any common means o f  t r a n s p o r t .  T h i s  i s  r e l a t e d  t o  t h e  a v a i l a b i l i t y  o f  t h e  t r a n s -  

p o r t a t i o n ,  and r e q u i r e s  a somewhat d i f f e r e ~ ~ t  packaging concep t  t h a n  used up t o  now. 

It relates t o  p o r t a b i l i t y ;  where  t h e  packages cou ld  b e  hand loaded  o n t o  a 
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commercial o r  p r i v a t e  a i r p l a n e ,  o r  on a  pick-up t r u c k  f o r  over-the-road 

deployment. 

Coupled w i t h  t h e  p o r t a b i l i t y  is  t h e  a b i l i t y  of hand c a r r y i n g  t h e  u n i t s  

over  o t h e r w i s e  i n a c c e s s i b l e  t e r r a i n .  T h i s  r e q u i r e p o r t a b l e  c a s e s  w i t h  h a n d l e s  

and weighing no more t h a n  70  pounds p e r  c a s e .  

B a t t e r y  powered o p e r a t i o n  i s  a  must i n  some i n s t a n c e s ,  i f  t h e  t e r r a i n  o r  

emergency c o n d i t i o n s  p r e v e n t  t h e  u s e  of commercial power. 

Exper ience by t h e  Westinghouse team shows t h a t  snow and tempera tu res  around 

z e r o  r e q u i r e  o p e r a t i o n a l  u n i t s  t o  perform over  a wide range  of t empera tu re  and 

environment c o n d i t i o n s .  A l l  u n i t s  must b e  w e a t h e r - t i g h t  and n o t  t empera tu re  

s e n s i t i v e  t o  expec ted  c o n d i t i o n s .  

There  is  a real need f o r  p r o c e s s i n g  speed once t h e  system h a s  been deployed. 

P r o c e s s i n g  t imes  of r e c e i v e d  d a t a  shou ld  b e  measured i n  minutes  r a t h e r  t h a n  

h o u r s  . 
Z e l i a b i l i t y  goes  w i t h  good d e s i g n .  Data a c q u i r e d  shou ld  be  a c c u r a t e  and 

r e p r o d u c i b l e .  System o p e r a t i o n  and checkout  should  be  a lmos t  au tomat ic .  A l l  

sys tems shou ld  be  e a s i l y  checked and c a l i b r a t e d  on deployment and p e r i o d i c a l l y  

r e c a l i b r a t e d  d u r i n g  t h e  work. 

The system shou ld  be  d e p l o y a b l e  i n  v a r i o u s  c o n f i g u r a t i o n s  depending on t h e  

need f o r  d e t e c t i o n  and /or  l o c a t i o n .  

The system must b e  a d a p t a b l e  t o  t h e  c o n d i t i o n  expec ted .  For example, t h e r e  

may b e  o c c a s i o n s  when power is  n o t  a v a i l a b l e  o r  t e lephone  communication non- 

e x i s t e n t .  The system c o n f i g u r a t i o n  must b e  t a i l o r e d  t o  o p e r a t e  under a lmost  any 

c o n d i t i o n .  

Minimum maintenance and r e l i a b l e  o p e r a t i o n  i s  a must i f  t h e  sys tem is  on 

stand-by a t  a l l  t imes .  Small  p o r t a b l e  u n i t s  i n c o r p o r a t i n g  s o l i d  s t a t e  d e s i g n  

where p o s s i b l e  shou ld  meet t h i s  c r i t e r i o n .  Continuous o p e r a t i o n  f o r  extended 

p e r i o d s  of t i m e  i s  f e a s i b l e  w i t h  s m a l l  r e c h a r g e a b l e  b a t t e r y  o p e r a t e d  u n i t s .  

The concept  of s m a l l  p o r t a b l e  u n i t s  cou ld  reduce o v e r a l l  program c o s t s ,  

s i n c e  s p e c i a l i z e d  equipment may n o t  be  necessa ry .  
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V. SUGGESTED SYSTEM CONFIGURATION 

The need f o r  a  t r u l y  p o r t a b l e  hand c a r r i e d  system has  been e s t a b l i s h e d  

i n  many cases  dur ing  t h e  ex t ens ive  f i e l d  work*in t h e  p a s t  two y e a r s .  Con- 

t r a s t e d  wi th  t h i s  i s  t h e  requirement of computer equipment t o  perform s i g n a l  

p rocess ing  t o  enhance s igna l - to -noise  i n  high n o i s e  environments.  Thus, t h e  

suggested system descr ibed  i n  t h i s  s e c t i o n  w i l l  a t tempt  t o  meet t he se  con- 

f l i c t i n g  requirements  i n  a d d i t i o n  t o  a l l  t h e  o t h e r s  s t a t e d  above. 

Our approach t o  t h e  system conf igu ra t i on  is  t o  recognize t h e  f a c t  t h a t  

t h e r e  a r e  a  wide span of f i e l d  requirements  t h a t  must be  met. These range 

from t h e  need f o r  p o s s i b l e  s imple d e t e c t i o n  processes  i n  remote q u i e t  a r ea s  

t o  a  complex d e t e c t i o n / l o c a t i o n  problem i n  high n o i s e  environments w i th  

r e l a t i v e l y  easy a c c e s s i b i l i t y .  I n  one ca se ,  a  s imple hand c a r r i e d  system 

wi th  hard  copy p lay  ou t  may be  a l l  t h a t  i s  necessary ,  where i n  t h e  l a t t e r  case  

a  f u l l  system wi th  a  s o p h i s t i c a t e d  computer system may b e  r equ i r ed .  We have ,  

t h e r e f o r e ,  taken a  modular approach, w i th  each subsystem capable  of add-on 

t o  meet t h e  e x i s t i n g  requirements .  

I n  each of t h e  p o r t a b l e  package des igns  descr ibed  below, we have considered 

only equipment t h a t  i s  now a v a i l a b l e .  L i t t l e  o r  no major R&D work i s  r equ i r ed  t o  

produce t h e  f i e l d  package descr ibed  below, only good equipment l ayou t  and packag- 

i n g  design a r e  r equ i r ed .  F igure  4 shows t h e  o v e r a l l  block diagram of t h e  suggested 

se i smic  d e t e c t i o n  subsystem. A d e s c r i p t i o n  of t h i s  subsystem and t h e  s i g n a l  process-  

and l o c a t i o n  subsystem w i l l  be  covered i n  t h e  fol lowing s e c t i o n s .  

A.  Seismic Detec t ion  Subsystem 

The se i smic  d e t e c t i o n  subsystem c o n s i s t s  of t h e  a r r a y  element geophones, 

t h e  a s s o c i a t e d  c a b l e s ,  and a  hand c a r r i e d  a r r a y  c o n t r o l  u n i t .  

We recommend geophones t h a t  can b e  placed i n  boreholes  , o r  on t h e  s u r f a c e  

i f  hard  rock overburden i s  encountered.  The phones could be  of t h e  marine-type, 

s i n c e  they a r e  more s e n s i t i v e  than t h e  ones now used. Tes t s  conducted wi th  t h e  

Westinghouse system i n d i c a t e d  a  6-8 db d i sc r imina t ion  t o  l o c a l  n o i s e  sources  wi th  

a  geophone bu r i ed  one f o o t  i n  t h e  ground. The phones should be completely s e a l e d  

a g a i n s t  water  s i n c e  they w i l l  f r equen t ly  be  i n  wa te r .  

A hand auger  can b e  used t o  make t h e  boreholes  f o r  easy imp lan t a t i on .  A 

much b e t t e r  coupl ing could be  e s t a b l i s h e d  t o  the  surrounding e a r t h  i f  d i r t  were 

tamped back over  t h e  phones, o r  i f  some form of i n t e g r a l  bellows arrangement 

could be used t o  expand t h e  phone cas ing  t o  t h e  borehole  w a l l s .  

I n t e g r a l  w i th  each geophone should be  a  preamp wi th  70 db of ga in ,  and a  c a l i -  

b r a t i o n  c o i l  t h a t  induces a  known motion t o  t h e  phone s e n s i n g  elements .  
* Westinghouse Cont rac t s  H0101262 and H0210062 wi th  Bureau of Mines. 
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The c a l i b r a t i o n  c i r c u i t  i s  n e c e s s a r y  t o  e s t a b l i s h  t h e  p roper  o p e r a t i o n  of each 

phone i n  t h e  a r r a y ,  and t o  r e f e r e n c e  t h e  r e l a t i v e  d e l a y  i n  t h e  sys tem between 

channe l s .  Should a  d e l a y  e x i s t ,  f o r  example,  i n  t h e  t a p e  r e c o r d e r  subsystem 

a s  w a s  t h e  c a s e  i n  t h e  Westinghouse sys tem,  t h e  de lay  can b e  recognized  and 

measured. F i r s t -mot ion  p i c k s  on s e i s m i c  s i g n a l  r e c o r d s  cou ld  t h e n  b e  

a d j u s t e d  t o  a l low f o r  i n s t r u m e n t a t i o n  d e l a y s .  

Should m u l t i p l e  geophones b e  used f o r  each element a r r a y ,  we recommend 

they  b e  wi red  i n  s e r i e s  f o r  t h e  o u t p u t  s i g n a l  t o  ach ieve  g r e a t e r  s e n s i t i v i t y  

t h a n  t h e  p r e s e n t  ar rangement ,  and t h a t  each c a l i b r a t i o n  c o i l  b e  connected 

i n d i v i d u a l l y  t o  e n s u r e  t h e  p roper  o p e r a t i o n  of every  phone i n  t h e  a r r a y .  

I n  c o n f i g u r i n g  t h i s  sys tem,  we cons idered  t h e  u s e  of d i g i t a l  v s .  ana log  

geophones. The use  of d i g i t a l  geophones has  many advantages  i n  f i e l d  a p p l i c a -  

t i o n s .  D i g i t a l  sys tems a r e  more immune t o  n o i s e  i n t e r f e r e n c e  t h a n  ana log  

sys tems ,  and once i n  d i g i t a l  fo rmat ,  waveforms can b e  p rocessed  i n  a  more con- 

v e n i e n t  manner. An a d d i t i o n a l  advantage i s  t h e  a b i l i t y  t o  o b t a i n  a  g r e a t e r  

dynamic range  of up t o  90 db by u t i l i z i n g  d i g i t a l  f o r m a t s ,  geophones, and record-  

e r s .  The maximum dynamic range of c u r r e n t  ana log  systems i s  approximately  45 db.  

The u s e  of t h e  sys tem f o r  miner  d e t e c t i o n  would r e q u i r e  on ly  t h e  a r r a y  

and a  p o r t a b l e  scope  and V i s i c o d e r  sys tem.  S i n c e  t h e  s i g n a l s  on t h e  scope  

and t h e  V i s i c o d e r  a r e  a n a l o g ,  we s e e  no reason  t o  compl ica te  t h e  f r o n t  end of 

t h e  sys tem w i t h  A/D and D / A  c i r c u i t s .  The need f o r  a l a r g e  dynamic range i n  t h e  

sys tem h a s  n o t  been  demonstra ted i n  t h e  Westinghouse f i e l d  work. T h e r e f o r e ,  w i t h  

a  p r o p e r  g a i n  s e t t i n g ,  a  40 db dynamic range seems adequate  f o r  a l l  expec ted  con- 

d i t i o n s .  Cons ider ing  a l l  t h e  advantages  of b o t h  sys tems ,  we have concluded t h a t  

f o r  t h i s  a p p l i c a t i o n ,  t h e  u s e  of t h e  ana log  format i n  t h e  a r r a y  sys tem i s  p r e f e r -  

a b l e  t o  d i g i t a l .  

The c a b l e  connec t ing  each geophone t o  t h e  c o n t r o l  u n i t  s h o u l d  b e  a  t h r e e  

t w i s t e d  p a i r  c a b l e  w i t h  a  s e p a r a t e  e x t e r n a l  s h i e l d .  A ba lanced  t r a n s f o r m e r  s h o u l d  

b e  used a t  t h e  geophone o u t p u t  i n t e r f a c e  and t h e  c o n t r o l  u n i t  i n p u t  c i r c u i t  i n t e r -  

f a c e .  The ground r e t u r n  can b e  t h e  geophone hous ing  connected t o  t h e  e x t e r n a l  

c a b l e  s h i e l d  and t h e  c o n t r o l  u n i t  c a s e .  The t h i r d  p a i r  of w i r e s  a r e  used t o  

power t h e  geophone preamp from t h e  c o n t r o l  u n i t  b a t t e r y  s u p p l y .  

The a r r a y  c o n t r o l  u n i t  shou ld  b e  a  hand c a r r i e d  aluminum w a t e r t i g h t  case  

approximately  2 x 3 x 1 f e e t  and weighing under  75 pounds. Key e lements  i n  t h i s  

u n i t  a r e :  

a .  sys tem t ime c l o c k ,  

b .  main a m p l i f i e r  and g a i n  a d j u s t  u n i t ,  

c .  c o n t r o l  s t a t u s  p a n e l ,  and 

d .  b a t t e r y  u n i t  
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There  i s  no s t r i n g e n t  accuracy requirement  on t h e  sys tem t ime  c l o c k ,  s i n c e  

t h e  r e l a t i v e  s i g n a l  a r r i v a l  t imes  a r e  t h e  impor tan t  i n f o r m a t i o n  r e q u i r e d .  The 

t ime c l o c k ,  t h e r e f o r e ,  shou ld  b e  capab le  o f  coding t h e  l o c a l  t ime  by minutes i n  

a format  s u i t a b l e  f o r  p l a c i n g  on t h e  v o i c e  channel  of t h e  t a p e  r e c o r d e r .  Th i s  

t i m e  code can b e  used f o r  computer t a p e  s e a r c h  d u r i n g  t h e  p r o c e s s i n g  of d a t a .  

In  a d d i t i o n ,  t o  minutes  t i m e  codes ,  p u l s e s  o f  5 ,  10 ,  and 50 m s  shou ld  b e  a v a i l -  

a b l e  on t h e  t a p e .  These p u l s e s  w i l l  b e  used t o  a c c u r a t e l y  measure a r r i v a l  t imes  

of s i g n a l s ,  and g a t e  t h e  computer a c c u r a t e l y  d u r i n g  t h e  p r o c e s s i n g  phase .  

We have reviewed t h e  use o f  p o r t a b l e  t a p e  r e c o r d e r s ,  and b e l i e v e  t h a t  e i t h e r  

a  p o r t a b l e  seven  ( 7 )  o r  f o u r t e e n  (14) t r a c k  ana log  system is  f e a s i b l e .  Good 

systems a r e  a v a i l a b l e  t h a t  use  an  FM format  and meet a l l  I R I G  s p e c i f i c a t i o n s .  

These u n i t s  a r e  more t h a n  a c c u r a t e  enough t o  meet t h e  sys tem requ i rements .  The 

expec ted  p o r t a b l e  package s h o u l d  b e  no more t h a n  24" x  16" x  12" i n  dimensions ,  

and weigh approximately  80 l b s .  

The main a m p l i f i e r  c i r c u i t  s h o u l d  b e  a  s t a b l e  h i g h  g a i n  a m p l i f i e r  w i t h  a 

g a i n  a d j u s t  over  t h e  range of 0 t o  f90 db.  These a m p l i f i e r s  s h o u l d  have two 

modes of o p e r a t i o n ;  one mode a  s t r a i g h t  g a i n  where t h e  g a i n  of t h e  sys tem is  

s e t  by t h e  a m p l i f i e r  c o n t r o l  s e t t i n g .  Th is  i s  used i n  c a l i b r a t i o n  p rocedures .  

A second mode s h o u l d  b e  an  AGC mode where once t h e  sys tem g a i n  h a s  been s e t  f o r  

s t a n d a r d  o u t p u t  l e v e l s ,  t h e  sys tem can m a i n t a i n  a s t a n d a r d  o u t p u t  l e v e l  of 1 . 5  

v o l t s  peak-to-peak under v a r y i n g  i n p u t  s i g n a l  l e v e l s .  AGC can b e  used e f f e c t i v e -  

l y  s i n c e  a r r i v a l  t i m e s  a r e  of importance and n o t  a b s o l u t e  s i g n a l  l e v e l s .  

The c o n t r o l  s t a t u s  p a n e l  c o n s i s t s  of t h e  c a l i b r a t i o n  c i r c u i t r y ,  s w i t c h  

c o n t r o l ,  and o u t p u t  s i g n a l  s w i t c h e s  t o  d i s p l a y  i n d i v i d u a l  channels  f o r  o s c i l l o -  

s c o p e  v iewing ,  o r  a l l  channels  f o r  magnet ic  t a p e  r e c o r d i n g .  Output BNC and /or  

m u l t i p i n  connec tors  w i l l  b e  used t o  connect  t o  companion u n i t s  such a s  t h e  

p o r t a b l e  o s c i l l o s c o p e  and magnet ic  t a p e  r e c o r d i n g  systems shown i n  b lock  diagram 

form i n  F i g u r e  4.  

The hard  copy p l a y  ou t  u n i t  shown i n  F i g u r e  4  can b e  a p o r t a b l e  u n i t  equiva-  

l e n t  t o  a  V i s i c o d e r  u n i t  capab le  of reproduc ing  a l l  seven  channe l s  p l u s  t h e  

t iming  t r a c k .  Th is  w i l l  a l low f i r s t  c u t  e s t i m a t i o n  o f  a r r i v a l  t imes  on each 

channe l ,  and w i t h  t h e  c o n t r o l  s t a t u s  p a n e l  and a r r a y  u n i t ,  c o n s t i t u t e  a  corn- 

p l e t e  a u s t e r e  f i e l d  sys tem.  I n t e g r a l  w i t h  t h e  V i s i c o d e r  u n i t  would b e  a  

s w i t c h a b l e  low p a s s  f i l t e r  u n i t  f o r  each channe l .  Suggested c u t o f f  f r e q u e n c i e s  

a r e  200 Hz and 500 Hz. A f i l t e r  r o l l  o f f  of 24 db p e r  o c t a v e  i s  recommended. 
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* 
A key f i e l d  u n i t  i n  t h i s  sys tem i s  t h e  8 channe l  MUX and a  t e l e p h o n e  i n t e r -  

face unit shown i n  F i g u r e  4 .  T h i s  u n i t  i s  des igned  t o  i n t e r f a c e  d i r e c t l y  w i t h  

t h e  a r r a y  c o n t r o l  u n i t  and works w i t h  t h e  s t a n d a r d  l e v e l  o u t p u t  on each channe l .  

Each channe l  c o n s i s t s  of  a n  i n p u t  b u f f e r  s t a g e  coupled t o  a  VCO w i t h  a  

c e n t e r  f r equency  a s s i g n e d  t o  a l l o w  s e v e n  s i g n a l  channe l s  p l u s  a  t ime  channe l  

t o  b e  s e n t  o v e r  a  s t a n d a r d  t e l e p h o n e  l i n e .  The o u t p u t  of each VCO i s  t h e n  com- 

b i n e d  and b u f f e r e d  t o  a  common o u t p u t  c i r c u i t  des igned  t o  r e f l e c t  t o  t h e  tele- 

phone sys tem an off-hook t e l e p h o n e  set .  A s t a n d a r d  t e l e p h o n e  s e t  is  a l s o  i n -  

c o r p o r a t e d  i n  t h i s  u n i t  t o  p e r m i t  communication between t h e  f i e l d  crew a n d / o r  

t h e  d a t a  p r o c e s s i n g  c e n t e r .  Should t e l e p h o n e  l i n e s  b e  a v a i l a b l e ,  t h e  a r r a y  sub- 

s y s t e m ,  a r r a y  c o n t r o l  u n i t ,  o s c i l l o s c o p e ,  and t h e  8 channe l  MUX u n i t  cou ld  con- 

s t i t u t e  t h e  e n t i r e  f i e l d  sys tem.  Data  p r o c e s s i n g  cou ld  t h e n  b e  performed a t  

any p o i n t  i n  t h e  Uni ted  S t a t e s  (Boulder ,  P i t t s b u r g h ,  e t c . )  . 
The i n t e r f a c e  t o  t h e  t e l e p h o n e  l i n e  can b e  a  s h o r t  p a t c h  o r  may b e  i n  some 

c a s e s  up t o  s e v e r a l  m i l e s  o f  20 gauge c a b l e .  Th i s  c a b l e  may i n  many c a s e s  i n t e r -  

f a c e  on a  h a r d  w i r e  b a s i s  w i t h  t h e  t r a i l e r  van d e s c r i b e d  l a t e r .  

An a l t e r n a t i v e  t o  t h e  t e l e p h o n e  h a r d  w i r e  c o n n e c t i o n  cou ld  b e  a n o t h e r  hand 

c a r r i e d  package h o u s i n g  a  mobi le  r a d i o  t r a n s c e i v e r .  T h i s  cou ld  p r o v i d e  r a d i o  

t r a n s m i s s i o n  of  t h e  d a t a  t o  some more a c c e s s i b l e  l o c a t i o n  a t  which p o i n t  t h e  

d a t a  cou ld  b e  i n t e r f a c e d  w i t h  t h e  t e l e p h o n e  network o r  t o  t h e  t r a i l e r  van .  

B. S e i s m i c  S i g n a l  P r o c e s s i n g  and L o c a t i o n  Subsystem 

The t r a i l e r  van subsystem is  c o n f i g u r e d  a s  shown i n - F i g u r e  5 .  Major com- 

ponen t s  are t h e  minicomputer and a s s o c i a t e d  A / D  c o n v e r t e r  and d i s k  pack,  v a r i a b l e  

f i l t e r  banks  such  as t h e  Krohn-Hite,  an  x-y p l o t t e r  such  a s  a  Calcomp, V i s i c o r d e r  

o r  e q u i v a l e n t  f o r  h a r d  copy p l a y  o u t ,  and a  m o n i t o r i n g  u n i t  w i t h  a  memory t y p e  

o s c i l l o s c o p e .  

I n  a d d i t i o n  t o  t h e  equipment above,  a n  e i g h t  channe l  d i s c r i m i n a t o r y  bank 

and a  mobi le  r a d i o  t r a n s c e i v e r  would b e  r e q u i r e d  t o  i n t e r f a c e  w i t h  t h e  f i e l d  

u n i t s .  Telephone equipment w i t h  s i g n a l i n g  c a p a b i l i t y  would b e  r e q u i r e d  s h o u l d  

t h e  communication l i n k  b e  h a r d  w i r e d .  

A more power fu l  minicomputer ,  i n  t h e  PDP-11, c l a s s  and a s s o c i a t e d  d i s k  pack 

h a s  t h e  f o l l o w i n g  advan tages  o v e r  t h e  p r e s e n t  sys tem:  

1. I t  a p p e a r s  l i k e l y  t h a t  computer programs a l r e a d y  i n  e x i s t e n c e  f o r  

s i g n a l  p r o c e s s i n g ,  and sys tem o r g a n i z a t i o n  and c o n t r o l  may b e  

a v a i l a b l e  t o  t h e  Bureau of  Mines. 

2 .  The d i s k  pack arrangement  w i t h  d i g i t a l  fo rmat  is  more e f f i c i e n t  i n  

i n t e r f a c i n g  a  computer i n  t h e  s i g n a l  p r o c e s s i n g  mode. Access t i m e  

i s  s i g n i f i c a n t l y  l e s s ,  programs a r e  a v a i l a b l e  on d a t a  s e a r c h ,  and 
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reproduct ion  c o s t s  a r e  a l s o  compet i t ive .  

3 .  Locat ion programs such a s  "MINER" could be incorpora ted  i n  

t h i s  system thus  e l imina t ing  t h e  need f o r  an a d d i t i o n a l  

t ime-share f a c i l i t y .  

V I  . DEPLOYMENT 

The suggested con f igu ra t i on  descr ibed  above s o l v e s  t h e  c r i t i c a l  requi re -  

ments of p o r t a b i l i t y ,  r ap id  deployment, and c o s t .  I t  i s  f l e x i b l e  i n  configura-  

t i o n  t o  s a t i s f y  a  wide range of needs and is  of comparatively low c o s t  f o r  

i n i t i a l  purchase and maintenance. 

W e  v i s u a l i z e  a  p o s s i b l e  deployment of t h i s  system i n  phases: on n o t i f i c a -  

t i o n  of a  d i s a s t e r ,  t h e  i n i t i a l  deployment would be  of t h e  a r r a y  subsystem, 

t h e  a r r a y  c o n t r o l  u n i t ,  and t h e  scope. These t h r e e  u n i t s  a r e  s u f f i c i e n t  t o  

perform t h e  i n i t i a l  f unc t ion  of miner d e t e c t i o n .  They can be hand c a r r i e d  

on a  commercial a i r l i n e r  o r  even i n  a  passenger c a r .  They a r e  reasonable  i n  

c o s t  so  t h a t  a number of t h e s e  could be placed i n  s t r a t e g i c  l o c a t i o n s  through- 

ou t  t h e  United S t a t e s .  We expec t  t h a t  such a subsystem could be  deployed and 

begin t h e  miner d e t e c t i o n  process  i n  s e v e r a l  hours .  Severa l  v a r i a t i o n s  i n  

t h i s  s cena r io  can be  made. I f  te lephone l i n e s  a r e  known t o  b e  a v a i l a b l e  and 

working, i t  i s  conceivable  t h a t  as a  f o u r t h  u n i t  only t h e  8 channel MUX need 

be deployed and rea l - t ime  d a t a  c o l l e c t i o n  and process ing  could be  performed 

a t  P i t t s b u r g h ,  f o r  example. On the  o t h e r  hand, a  f u l l  blown system may be  

more convenient on - s i t e ,  i n  which case  t h e  t r a i l e r  van and a d d i t i o n a l  sub- 

system u n i t s  could be deployed a s  soon a s  p o s s i b l e .  The important  charac- 

t e r i s t i c  of t h e  p o r t a b l e  system descr ibed  i n  t h i s  s e c t i o n  i s  t h e  a b i l i t y  t o  

begin t he  d e t e c t i o n  process  i n  a  minimum of t i m e ,  and t o  deploy t h e  l a r g e r  

and more cumbersome comprehensive l o c a t i o n  system l a t e r  when i t  is needed. 

I n  many cases ,  t h e  van may n o t  even be necessary .  

I n  summary, t he  suggested system r e p r e s e n t s  a  t r u l y  p o r t a b l e  se l f -conta ined  

system t h a t  is  s e l f - c a l i b r a t e d ,  t e s t e d ,  and usable  under a  wide v a r i e t y  of 

condi t ions .  I t  i s  modular i n  growth t o  match every type of d i s a s t e r  cond i t i on ,  

and is  reasonable  i n  c o s t .  A l l  system u n i t s  and c i r c u i t s  descr ibed  a r e  o f f -  

the-shelf  i t ems  t h a t  can be i n t e g r a t e d  and packaged t o  s a t i s f y  t h e  above- 

descr ibed  sys  t e m  requirements .  
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